Abstract Modulated high-frequency radio frequency heating of the ionospheric F region produces a local modulation of the electron temperature, and the resulting pressure gradient gives rise to a diamagnetic current. The oscillations of the diamagnetic current excite hydromagnetic waves in the ELF range that propagate away from the heated region. The generation of the waves in the 2-10 Hz range by a modulated heating in the midlatitude ionosphere is studied using numerical simulations of a collisional Hall-magnetohydrodynamic model. To model the plasma processes in the midlatitude ionosphere the Earth's dipole magnetic field and typical ionospheric plasma parameters are used. As the hydromagnetic waves propagate away from the heated region in the F region, the varying plasma conditions lead to changes in their characteristics. Magnetosonic waves generated in the heating region and propagating down to the E region, where the Hall conductivity is dominant, excite oscillating Hall currents that produce shear Alfvén waves propagating along the field lines into the magnetosphere, where they propagate as the electromagnetic ion cyclotron (EMIC) and whistler waves. The EMIC waves propagate to the ion cyclotron resonance layer in the magnetosphere, where they are absorbed.
Introduction
The heating of the ionosphere by high-frequency (HF) radio transmitters has been used to explore the ionosphere as a large-scale natural laboratory and to study many plasma processes. Along with the heating of the plasma many new phenomena have been discovered using the HF transmitters, including stimulated emissions [Leyser, 2001] , excitation of plasma waves and turbulence [Guzdar et al 2000] , modulation of the ionospheric current systems and associated controlled generation of low-frequency electromagnetic radiation [Papadopoulos et al., 1989; 2011a ,2011b Stubbe, 1996] , small-scale irregularities or striations [Gurevich et al., 1996; Mishin et al., 2005] , pump-induced optical processes [Bernhardt, Tepley and Duncan, 1989, Pedersen and Gerken, 2005] , ion up flows in the topside ionosphere [Kosch et al., 2010; Milikh et al., 2010] , and descending artificial ionospheric layers [Pedersen et al., 2010] . The generation and propagation of low-frequency hydromagnetic waves due to the HF heating are some of the key results of ionospheric heating experiments at High Frequency Active Auroral Research Program (HAARP) [Papadopoulos et al., 2011a [Papadopoulos et al., , 2011b .
The low-frequency waves generated in the ionosphere during heating experiments with modulated HF waves (1-10 MHz) originate from three types of physical mechanisms. The first type of mechanism requires the presence of an electrojet current such as the auroral electrojet and relies on the modulation of the D/E region conductivity as a response to modulated HF heating. The resulting modification of the electrojet current creates an effective antenna radiating at the modulation frequency [Stubbe et al., 1981; Papadopoulos et al., 1989; Stubbe, 1996] . This mechanism of low-frequency wave generation by modulating the auroral electrojet is effective at~80 km altitude in the D/E region and is referred to as the Polar Electrojet antenna. In the second type of mechanism the HF heating leads to a local hot spot and thus a region of strong gradient in the plasma pressure. This leads to a diamagnetic current that excites the hydromagnetic waves with the time scale of the modulation frequency. In this case there is no quasi-steady or background current, and the wave excitation is controlled by the parameters such as the plasma conductivity, HF modulation frequency, and size of the heated region. This mechanism has been studied in simulations for the F region of high-latitude ionosphere [Papadopoulos et al., 2011a [Papadopoulos et al., , 2011b Eliasson et al., 2012] for conditions typically corresponding to the HAARP facility. This mechanism, which has been verified by experiments at HAARP, has features such as scaling of the wave amplitude with frequency [Papadopoulos et al., 2011b] . The third type of mechanism of generating low-frequency waves is based on nonlinear interaction between the plasma and fields and was motivated in part by observations by the DEMETER satellite during experiments at HAARP with SHARMA ET AL.
ELF WAVES DURING IONOSPHERIC HEATING 1 no modulation of the HF power. These waves are generated by parametric processes and have been identified as whistlers with frequencies close to that of lower hybrid waves. In another mechanism that relies on nonlinearity, the interaction of two large-amplitude HF waves produce oscillations in electron temperature, and consequently in the collision frequency. The latter interact with the polarization current associated with the HF wave to produce ELF and VLF waves, which have been observed in HAARP experiments [Moore et al., 2013] .
In the high-latitude ionosphere Alfvén wave propagation is described by the MHD model, in which all plasma species are magnetized [Lysak, 1990] . However, in the E region altitudes of 80-120 km where the ion-neutral collision frequency ν in is larger than the ion cyclotron frequency ω ci , the dominant low-frequency mode is the helicon mode [Greifinger, 1972; Papadopoulos et al., 1994; Zhou et al., 1996] . This is the lowfrequency (ω <<ω ci ) branch of whistler wave and is carried by the electrons, since the ions are essentially immobile due to their strong coupling to the neutrals. In this region the Hall conductivity σ H dominates over the Pedersen conductivity σ P (Figure 1a ). This altitude dependence of the conductivities has important consequences in the propagation of hydromagnetic waves and magnetosphereionosphere coupling [Hughes,1 9 8 3 ; Lysak, 1990; Pilipenko, 2012; Waters et al. 2013] . The shear Alfvén waves in the magnetosphere, e.g., the micropulsations, propagating into the ionosphere undergo changes in the ionosphere due the Hall conductance. In the high-latitude ionosphere, where the magnetic field is approximately vertical, the parallel current of the shear mode is closed by the Pedersen current and the inductive response of the ionosphere generates a compressional mode, which can propagate to the ground. The plasma conductance plays a similar role in the propagation of the wave generated by the heating in the ionosphere, but by changing the compressional to shear mode that propagate out to the magnetosphere, as discussed below.
The modulated heating produces a diamagnetic current in a localized heating region at altitudes~300 km and excites magnetosonic waves which propagate isotropically. This can be viewed as waves generated by an oscillating field-aligned magnetic moment. In the Hall region these waves generate a local Hall current that excites shear Alfvén waves, which then propagate along the field lines to the ionospheric E region Figure 1 . (top) Sketch of the ionosphere (above z = 100 km, with free space below and a conducting ground) and the regions characterized by the relative magnitudes of the Hall (σ H ) and Pederson (σ P ) conductivities. The space-dependent geomagnetic field B 0 magnetizes the plasma. The heated region is located in the F region at an altitude of 300 km. (bottom) Part of the simulation domain (shaded in green) using polar coordinates in the midlatitude region with the Earth's dipole magnetic field the heated region (in red) is centered at the magnetic field line L = 1.6, with R E = 6000 km. and to the magnetosphere. This mechanism is referred to as ionospheric current drive (ICD) [Papadopoulos et al., 2011a] and has been detected in HF heating experiments [Papadopoulos et al., 2011b] . Numerical studies of Alfvén wave propagation in the ionosphere have been conducted by Lysak [1997] , who developed a two-dimensional numerical model to study the propagation of waves in the 1 Hz band in the auroral zone (with vertical geomagnetic field). This model was later extended to three dimensions and to include the Earth's dipole magnetic field [Lysak and Song, 2001; Lysak, 2004] .
The midlatitude ionosphere has similar plasma profiles as the auroral region, but the magnetic field geometry is significantly different in at least two ways (see Figure 1b) : the field lines are oblique and curved. This leads to changes in the propagation characteristics of the low-frequency waves. Further, a wavefront propagating out of a heated region in the midlatitude ionosphere will intercept a wider area in the E region where the shear Alfvén waves are excited. The aim of this paper is to study the generation of ELF waves during HF heating of the midlatitude ionosphere and their propagation in the ionosphere and magnetosphere.
The paper is organized as follows. Section 2 describes the plasma model of the ionosphere for describing the plasma physical processes during HF heating and the numerical code, as well as the heating process and the excitation of ELF waves. The numerical results are discussed in section 3, where the differences of wave propagation at different frequencies are pointed out. Finally, the conclusions of the paper are presented in section 4.
Ionospheric Plasma Model and Simulation Setup
The ionospheric plasma has a quasi-equilibrium density profile, such as the Chapman profile, and the propagation of low-frequency waves (ω <<ω ci <<ω ce ) is described by using an MHD model of the plasma. In the ELF regime, the electron inertia can be neglected in the momentum equation,
where P e (r, t)=n 0 k B T e (r, t) represents the modulated electron pressure due to local heating, T e (r, t) is the electron temperature, k B is the Boltzmann's constant, ν en (r) is the electron-neutral collision frequency, e is the magnitude of the electron charge, and m e is the electron mass. For the modulated electron temperature, we use
where T mod is the modulation amplitude of the electron temperature, D t is the risetime, D rθ and D h are the widths of the heated region in the latitudinal and radial directions, r θ =(R E + h max )(θ À θ max ) is the latitudinal distance to the heated region, r h = h À h max is the altitudinal distance to the heated region, h = R À R E is the altitude above ground, h max is the altitude of the heated region,
is the colatitudinal coordinate of the heated region, and ω is the modulation frequency. This setup centers the heated region on the L shell. In the simulations, we use R E = 6000 km, T mod = 2000 K, D t = 0.5 s, D rθ = 40 km, D h = 20 km, and h max = 300 km, and L = 1.6. Similar to Eliasson et al. [2012] , we have omitted the slow mean temperature increase, which will not contribute to the wave dynamics, and we have kept only the oscillating part of the electron temperature.
The ion fluid velocity v i is governed by the ion momentum equation
where ν in is the ion-neutral collision frequency and m i is the ion mass. The electric and magnetic fields E and B are governed by Faraday and Ampère's laws
and
Respectively, where μ 0 is the magnetic permeability in vacuum. The plasma is considered quasi-neutral with equal electron and ion number densities. E =R 3 sin θ are the respective magnetic field components, B eq = 3.12 × 10 À 5 T is the magnitude of the magnetic field at the magnetic equator; and R = R E + h is the total radius equal to the Earth's radius R E plus altitude h.
For numerical convenience, the system of equations (1)- (5) are converted to a matrix form [Eliasson et al., 2012] ∂A ∂t ¼ÀE
where we introduced the vector and scalar potentials A and ϕ via B = ∇ × A and E = À ∇ϕ À ∂A/∂t, using the gauge ϕ = 0. The R e and R i matrices (organizing the vectors as column vectors) are deduced from the electron and ion equations of motion (1) and (2) via the definitions v e Â B 0 þ m e ν en v e =e ðÞ =B 0 ≡ R e v e and
In doing so, the Cartesian coordinate system (x, y, z)o f Eliasson et al. [2012] is here replaced by a spherical coordinate system (R, ϕ, θ) where R, ϕ, and θ are the radial, longitudinal, and colatitudinal coordinates, respectively. In the spherical coordinates, the magnitude of the dipole magnetic field is B 0 ¼ B eq R E =R ðÞ 3 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 1 þ 3cos 2 θ p . The R e and R i matrices are used to construct the inverse of an effective dielectric tensor
, where v A = cω ci /ω pi is the Alfvén speed, and a conductivity tensor
ðÞ ε , where we have denoted Γ en = ν en /ω ce and Γ in = ν in /ω ci . Here ω ci = eB 0 /m i and ω ce = eB 0 /m e are the ion and electron cyclotron frequencies, ω pi =(n 0 e 2 /ε 0 m i ) 1/2 and ω pe =(n 0 e 2 /ε 0 m e ) 1/2 are the ion and electron plasma frequencies, ε 0 = c 2 /μ 0 is the electric permittivity in vacuum, c is the speed of light in vacuum, and σ ¼ ε 0 ω 2 pe =ω ce . The simulations are conducted in a domain in the north-south plane in the spherical coordinates with the simulation domain covering R = R E + 100 km to R E + 4000 km in the radial direction and a 90°wide angular region in the colatitudinal direction centered at the foot of the L = 1.6 shell, i.e., arcsin 1= ffiffi ffi
The simulation domain was resolved with 500 cells in the radial direction and 460 cells in the colatitudinal direction. A centered second-order difference scheme was used in the radial direction and a pseudo-spectral method with periodic boundary conditions in the colatitudinal direction. The simulations were stopped before the waves reached the simulation boundaries in the colatitudinal direction, hence eliminating the effects of the artificial periodic boundary conditions. First-order outflow boundary conditions were used at the top boundary in the radial direction [see Eliasson et al., 2012] . At the lower boundary between the plasma and free space at R = R E + 100 km, the boundary conditions were obtained by assuming continuity of the horizontal components of the electric field and vector potential, and their radial derivatives. In free space, we have assumed infinite speed of light and that there are no electric charges or currents, while the ground at R = R E is perfectly conducting, so that analytic approximations for the free space electromagnetic fields can be used [see Eliasson et al., 2012] .
The conductivity σ ∥ along the magnetic field is determined by the electron and ion mobilities, and when it has high values the parallel electric field is shorted. The Hall conductivity σ H dominates over the Pedersen conductivity σ P in the D and E regions, and the reverse is the case at higher altitudes. For one ion species, the parallel, Pedersen, and Hall conductivity, respectively, are given by σ ∥ ¼ σ
, where σ ¼ ε 0 ω 2 pe =ω ce , and we have denoted Γ en = ν en /ω ce and Γ in = ν in /ω ci . 
where σ ||,e = e 2 n e /(m e ν en ). The plasma dielectric function ε is given by
where
The dispersion relation for collisionless obliquely propagating ELF Alfvén waves is
The more general case including collisions is discussed by Eliasson et al. [2012] . For perpendicular propagation (k ∥ = 0) the solution of equation (14) yields the compressional or magnetosonic waves with dispersion relation
On the other hand, for parallel propagation (k = k ∥ ) the dispersion relation becomes
For large wave numbers k ≳ c/ω pi the shear Alfvén mode splits into two modes (see Figure 2 ), viz., the righthand circularly polarized (R-mode) whistler and the left-hand circularly polarized (L-Mode) electromagnetic ion cyclotron (EMIC) mode, which is also known as the Alfvén-cyclotron mode. While the whistler mode can propagate at frequencies ω > ω ci at large wave numbers, the EMIC propagates always at frequencies ω < ω ci and has a resonance at ω ci for large wave numbers.
The HF heating of the ionosphere with ground transmitters leads to many physical processes with a wide range of space and time scales. On the scales relevant to the low-frequency waves, the processes due to HF heating result in a local hot spot whose size and duration are determined mainly by the beam size and modulation frequency. For the proposed studies the processes at the short scales are not directly relevant and a volume averaged picture is used in this model. Thus, the heated region will be modeled as a region of enhanced electron pressure P e = nT e (T e in energy units) and is assumed to have a pancake shape with Gaussian profiles in the radial and latitudinal directions. In this case the heating term in the Ohm'slawisÀ ∇P e in equations (1) and (7). This pressure gradient in the magnetized plasma leads to the usual diamagnetic current given by
which has a time variation due to the modulated nature of the heating. For a scalar pressure the only the perpendicular component, viz., ∇ ⊥ T e , contributes to the diamagnetic current due to the modulated heating. This model represents the average effect of the wide range of processes at short scales and is, in general, adequate for the study of wave generation and propagation by modulated HF heating. Phenomena such as descending plasma layer [Pedersen et al., 2010; Mishin and Pedersen, 2011] , whose characteristics depend on the parameters of the HF heater and local ionospheric conditions, can have space and time scales that would require more detailed representation of the heated region.
ELF Wave Generation and Propagation in the Ionosphere
The wave propagation model described above yields a framework for the simulation of low-frequency waves in the ionosphere. The heated region is centered at L = 1.6, and the modulation of the HF waves at As seen in Figures 3 and 4 , both magnetosonic and shear Alfvén waves are generated by the modulated ionospheric heating. At frequencies much below the ion cyclotron frequency (on the order 10-50 Hz depending on altitude and latitude), the shear Alfvén wave propagates primarily along the magnetic field lines. Magnetosonic waves (visible as B x ) are created by ICD and propagate at large angles to the geomagnetic field lines upward to the magnetosphere (see Figures 3a and 3b and 4a and 4b) and downwards to E region. Somewhat below the L = 1.6 magnetic field line extending from the heated region are whistler mode waves (cf. Figure 4d ). These waves are not created at the heated location but at the Hall region at the bottom of the ionosphere where magnetosonic waves have been mode converted to helicon waves propagating to higher altitudes as whistler waves. Near the heated region there is also a direct generation of EMIC waves.
As the wave frequency becomes comparable to the ion cyclotron frequency, the splitting of the shear Alfvén wave into the whistler and EMIC branches become more pronounced (cf. Figure 2) . The whistler wave is characterized by a longer wavelength and higher propagation speed than the EMIC wave at a given frequency. The shorter wavelength EMIC waves and longer wavelength whistler waves are clearly distinguished in Figure 5d , while the magnetosonic wave propagating at larger angles to the geomagnetic field is visible in Figure 5b .
The propagation of the EMIC toward the ion cyclotron resonance at high altitudes is of particular interest since they play an important role in plasma heating in the magnetosphere, The resonance surface is indicated by thin lines in Figures 5a and 5c . Figure 6 shows contours of the EMIC waves for selected values of the wavelength for parallel propagation at 10 Hz.
The 10 Hz EMIC waves cannot propagate beyond ion cyclotron resonance layer where their wavelength goes to zero, and the EMIC wave energy will pile up near the resonance. The amplitude of the wave magnetic field can be estimated from the conservation of energy. For simplicity we consider propagation parallel to the 
Energy conservation requires that the wave intensity I = v gr W ≈ constant, where v gr = ∂ω/∂k ∥ is the group speed.
/(2μ 0 ). Solving for B,wefind
which predicts an increase of the wave magnetic field amplitude near the resonance. These waves suffer cyclotron damping, which may become important at very small wavelengths when the phase velocity ≈ω ci =k ∥ ≈ v A ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 1 À ω=ω ci p becomes comparable to the ion thermal speed.
Summary
The excitation and propagation of ELF waves in the midlatitude ionosphere and magnetosphere during HF heating are simulated using a MHD model. The simulation model uses a realistic profile of ionospheric plasma, along with the Earth's magnetic dipole field. The latter is an important element in the modeling of the midlatude ionosphere because of the geometrical effects in wave propagation. The simulation results show direct generation of EMIC waves at the source region as well as mode conversion of magnetosonic waves through the excitation of Hall currents in the E region. The waves are generated at the modulation frequency of the HF radio waves by the ionospheric current drive, which does not involve a quasi-steady current in the ionosphere, viz., an electrojet current [Papadopoulos et al., 2011a , Sharma et al., 2016 . This mechanism of wave generation was found to be effective in the F region ionosphere in the high latitudes, with the auroral electrojet in the D/E region. In the midlatitudes with no quasi-steady current system, this mechanism is expected to be a dominant process for exciting ELF waves. The results are thus directly relevant for the heating experiments with the Arecibo facility, which have been commissioned recently.
The simulation results are relevant to in situ satellite measurements near the heating site and can be used to study energetic particle precipitation from radiation belts through resonant pitch angle scattering. In the higher frequency range the excited waves are the EMIC waves, which play an important role in the plasma heating in the magnetosphere. A study of the interaction of hydromagnetic waves with trapped protons in the inner magnetosphere shows that the proton precipitation can be enhanced significantly [Shao et al., 2009] . The ELF waves excited by ionospheric heating, in particular the EMIC waves, are a possible source of the waves that can lead to such effects. However, the simulations show that the waves do not propagate beyond the resonance layer, and thus may limit the interaction with the energetic particles in the magnetosphere. It should be noted that the simulations consider an ionospheric plasma with singly charged oxygen as the ion specie. At higher altitudes, viz., above 1000 km, protons become the dominant ion specie and a more complete model should include a mix of oxygen ions and protons, with altitude dependent densities. With such a model the oxygen ions will have a dominant role in the wave generation in the F layer, as in the present model, and as the hydromagnetic waves propagate to higher altitudes its propagation characteristics will be governed mainly by the protons. The resonance layers in a plasma with protons as the main ion specie will be farther away in the radiation belt, and thus, the extent of the interaction of the EMIC waves with protons should be assessed with a more detailed study.
The simulations presented here were carried out in a domain defined in the spherical coordinates, which is suitable for the dipole magnetic field geometry. However, the realistic geometry is more complicated due to the dipole tilt and the manner in which the variation of the vertical magnetic field with height deviates from the radial stratification of the ionosphere. The wave propagation in the midlatitudes formulated using nonorthogonal flux coordinates [Lysak, 2004] treats these effets properly and provides a more detailed framework. However, the main results of the ELF wave excitation presented here is not expected to be significantly different when analyzed in the more complicated nonorthogonal system.
The key element in the excitation and propagation of ELF waves is the altitude dependence of the plasma conductivity, viz., the Hall and Pedersen conductances. The role of this feature in magnetosphere-ionosphere coupling has been actively studied [e.g., see Hughes, 1983; Lysak, 1990 Lysak, , 2004 Pilipenko, 2012; Waters et al. 2013] . The shear Alfvén waves in the magnetosphere, e.g., the micropulsations, propagating into the ionosphere undergo changes in the ionosphere due the varying conductance. In the high-latitude ionosphere, the parallel current of the shear mode is closed by the Pedersen current and the inductive response of the ionosphere generates a compressional mode, which can propagate to the ground. On the other hand, the excitation of ELF waves in ionospheric heating presented in this paper follows the opposite sequence: first exciting the compressional mode and then the shear mode.
The HAARP facility has enabled new advances in ionospheric physics, e.g., excitation of ELF waves [Papadopoulos et al., 2011a [Papadopoulos et al., , 2011b Moore et al., 2013] , formation of ducts and ion up flows [Kosch et al., 2010 , Milikh et al., 2010 , and descending artificial ionospheric layers [Pedersen et al., 2010] . The new plasma layers are results of enhanced ionization by electrons, which are accelerated to suprathermal speeds by turbulence resulting from HF heating [Mishin and Pedersen, 2011] . Simulations of wave processes in the presence of ducts using a Vlasov code show stochastic electron heating due to upper hybrid and Bernstein wave turbulence (A. Najmi et al., Theoretical studies of fast stochastic electron heating near the upper hybrid layer, submitted to Radio Science, 2016) and thus provide insights into the kinetic processes in HF heating. Experiments with the Arecibo heating facility are expected to yield more details of these phenomena in the midlatitude ionosphere, and those planned considering detection of the signatures of heating-induced processes by spacecraft such as the Van Allen Probes can provide deeper insight into the effects on energetic particles in the radiation belt.
